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Introduction
Compared to the few reports describing heterodimetallic f-f complexes, 1 the synthesis of heteropolymetallic d-f complexes is well documented because the two different metal ions display specific stereochemical preferences.
2-8 As a result of the limited molecular information 9 encoded in acyclic multidentate chelating ligands, poorly predictable oligomeric and polymeric architectures are usually characterised only in the solid state,
3-5,8
although fascinating magnetically and optically active motifs have been recognised such as ladders, 7,10 metallacrowns 11 and clusters.
8, 12 Much effort has been focused on the preparation of heteropolymetallic edifices containing orbitally non-degenerate Cu II (d 9 , S = 1/2) and Gd III (f 7 , S = 7/2) in order to rationalise the weak magnetic exchange interactions between d-and f-block ions. Although polymetallic complexes significantly complicate the interpretation of magnetic data, the Cu-Gd exchange processes systematically involve weak ferromagnetic couplings (J ex ≤ 15 cm Ϫ1 ) resulting from the interaction of the groundstate configuration with the first excited charge-transfer configuration in which an unpaired electron of Cu II is transferred into the empty 5d orbitals of Gd III 3,4 according to a mechanism first introduced by Goodenough in 1963. 13 Recent advances in molecular recognition and metallosupramolecular assembly processes have led to the design of isolated Cu II -Gd III pairs which confirm the theoretical basis of the magnetic exchange theory.
3, 5 These pure heterodimetallic systems open new perspectives for (i) the exploration of interactions between f-and d-block ions possessing first-order orbital momenta, [5] [6] [7] [8] (ii) the preparation of extended and organised heterotrimetallic d-fd 14 and f-d-f 15 architectures in the solid state and (iii) the detailed re-examination of the intimate mechanism proposed by Goodenough.
6 However, the d-f magnetic exchanges remain weak and operate only at low temperature because the degree of orbital overlap is small. Through-space multipolar mechanisms involving spectral overlaps overcome this limitation and efficient d↔f energy transfers over long distances can be detected under standard conditions. 16 For instance, the replacement of Ca II by Ln III (often Ln = Tb) in proteins and enzymes provides a tool for estimating intramolecular Ln-M distances because the d-block ions ( 19 Surprisingly, the specific structural, thermodynamic and electronic effects associated with the chemical and/or mechanical coupling occurring between the metallic sites have been poorly investigated and this probably results from the limited control over the lanthanide co-ordination site. Since 1995, we have launched into a project aiming at the development of segmental receptors which are predisposed for the self-assembly of isolated d-f pairs in which each metallic site possesses predetermined structural, thermodynamic and electronic properties. The subtle synergetic effects occurring between the two metallic sites can thus be explored by detecting minor deviations in the luminescent and magnetic properties. 
Self-assembly of discrete heterodimetallic d-f triplestranded helicates
) resulting from the incorrect matching between the intrinsic information encoded in the ligand and the metal ions and this contrasts with the clean complexation processes observed for L 1 under similar conditions (Figs. 1 and 2).
32
Although most metallosupramolecular complexes are dynamically inert and well defined on the NMR timescale, they remain labile on a preparative timescale and variations of the experimental conditions produce fast re-equilibration which may destroy the desired complex, a strongly limiting factor when functional devices in solution are to be designed. Isolation and crystallisation is the usual technique to solve this problem because no fast re-equilibration of the products occurs in the solid state, but the introduction of dynamically inert Co III (d 6 low spin) is an alternative approach which ensures rigidity and inertness in solution and in the solid state. However, fast dynamic redistributions and reversibility are fundamental requirements in thermodynamic (= strict) self-assembly processes for which the complete energy hypersurface must be explored.
9,33 Therefore, the introduction of dynamically inert Co III involves the use of a labile high spin cobalt() precursor in the self-assembled helicate (
6ϩ during the post-modification process (Fig. 3) . 34 The inert and diamagnetic pseudo-octahedral cobalt() site acts as a tripod which organises the three tridentate binding units for their complexation to Ln III leading to the term of non-covalent lanthanide podates for describing this class of supramolecular complexes. remains intact in water at very low concentrations (10 Ϫ8 M), a crucial point for the design of responsive systems for the analysis of biological material. 35 A recent implementation of terminal carboxylate groups onto a ditopic ligand coded for the design of f-f edifices has produced the first homodimetallic lanthanide-containing helicates which are luminescent (Φ abs (H 2 O) = 0.013) and highly stable in water. 
Characterisation of heterodimetallic d-f helicates
The complete exploration and characterisation of the assembly processes shown in Figs. 1-3 require precise knowledge of the speciation in solution, which relies on ESI-MS titrations for establishing the absolute stoichiometries of the complexes and spectrophotometry or potentiometry for obtaining a predictive quantitative model. 20, 37 However, reliable structural investigations of metallosupramolecular architectures mainly depend on the determination of crystal structures in the solid state which suffer from three limiting factors: (i) crystals of sufficient quality must be obtained, but large and flexible assemblies or aggregates often fail to give satisfying results, (ii) packing forces occurring during the crystallisation process have no counterpart in solution and may significantly alter the structure of the complex and (iii) the complex which crystallises often corresponds to the less soluble component of the thermodynamic assembly process under a set of experimental conditions and minor species can be isolated instead of the desired major component. Nevertheless, X-ray diffraction remains the ultimate proof for the formation of the heterodimetallic triple-stranded helicates and the crystal structures of (HHH) 1 H-1 H} NOESY and related heteronuclear correlation methods) with variable temperature measurements provides satisfying structural characterisations for diamagnetic or weakly paramagnetic complexes in solution. However, the correct assignment of NMR spectra for strongly paramagnetic complexes is precluded by their large electronic magnetic moments which dramatically increase nuclear relaxation and linewidth. The latter limitation can be turned to an advantage if we are able satisfyingly to rationalise paramagnetic interactions because structural parameters (internal axial coordinates) and electronic characteristics (hyperfine coupling constants) can be extracted from paramagnetic NMR induced shifts. The complexes (HHH)-[LnCo(L 2 ) 3 ] 6ϩ are particularly attractive in this context because the cobalt() tripod is diamagnetic and dynamically inert and Ln III remains the single paramagnetic site in these axial complexes. Under these conditions, the experimentally accessible paramagnetic NMR shift ∆ ij induced at a nucleus i of a ligand bound to lanthanide j can be expressed as the sum of the paramagnetic contact shift δ c ij (associated with through-bond Fermi interactions) 40 and the paramagnetic pseudo-contact shift δ ij pc (associated with the residual throughspace dipolar interactions), 41 eqn (1). As the electronic proper-
ties of Ln III are not significantly perturbed by complexation, the specific magnetic constants of the lanthanide j tabulated for the free ions (the projection of the total electron spin magnetisation onto the direction of the external magnetic field 〈S z 〉 j , and the second-order magnetic axial anisotropy C j ) can be used. Eqn. (1) is thus linear along the lanthanide series at a given temperature if the hyperfine coupling constant F i and pseudo-contact term G i A 2 0 〈r 2 〉 (which depends on the axial co-ordinates G i = (1 Ϫ 3 cos 2 θ i )/r i 3 and on the crystal field parameter A 2 0 〈r 2 〉) of a given nucleus i are constant along the lanthanide series.
, we systematically observe a break around the middle of the series (Ln = Tb or Dy) for linear forms of eqn. (1) which was assigned originally to a structural change 42 (variation of G i ) occurring between large and small lanthanides (Fig. 4) .
34,39
However, the crystal structures of (
(Ln = La or Lu) 34,39 are very similar and do not support this hypothesis and we have resorted to a recently developed crystalfield independent method (eqn. (2)) 43 to clarify the situation. 
We indeed found that plots of
6ϩ are linear (Ln = Ce to Yb), thus implying the existence of a single three-dimensional structure in solution along the complete lanthanide series in agreement with the crystal structures found in the solid state (Fig. 5) . The 'apparent' break obtained with eqn.
(1) corresponds to simultaneous changes of the crystal field parameter A 2 0 〈r 2 〉 and the hyperfine constants F i when the 4f shell is more than half-filled. 44 This new method (eqn. (2) 
Programming electronic, magnetic and photophysical properties
In order to simplify the characterisation of self-assembly processes leading to heterodimetallic complexes ( (Ln = Eu or Tb) the luminescence is faint at room temperature in the solid state and in solution (Φ abs = 1.3 × 10 Ϫ6 in acetonitrile upon UV irradiation!) and only low temperature measurements (10 K) reveal well resolved emission spectra. 29 A closely related behaviour has been observed for the analogous co-ordination site found in tris(2,6-bis(benzimidazolyl)-pyridine)europium() which has been ascribed to an efficient quenching of the ligand→Eu III energy transfer by low-energy 5ϩ and restores an easily detectable metal-centred emission upon UV irradiation (Φ abs = 1.7 × 10 Ϫ3 in acetonitrile). High-resolution emission spectra confirm the axial threefold symmetry of the lanthanide site and its efficient protection from solvent molecules. The modest absolute quantum yield is mainly due to poorly efficient 1 ππ* → 3 ππ* intersystem crossing and very similar photophysical properties characterise the analogous complex
5ϩ because the sulfonamide groups have no effect on the lanthanide co-ordination site. 36 Interestingly,
5ϩ is quite resistant toward hydrolysis and the addition of 4 M water in acetonitrile is tolerated prior to decomplexation (Fig. 6a) . 36 The use of L 3 significantly improves the photophysical properties of the complex
and, despite low solubility in polar and non-polar solvents, the Eu( 5 D 0 ) luminescence is easily detected at low concentration in acetonitrile (Φ abs = 1.3 × 10 Ϫ2 ). 35 Moreover, resistance toward hydrolysis is drastically improved as a result of the strong Ln III -carboxylate interaction and quantum yields display minor variations between pure acetonitrile and pure water (Fig. 6b) . A recent exploitation of these results provided luminescent homodimetallic f-f triplestranded helicates which are good candidates as markers for biological materials. 
the two mechanically coupled metallic sites. Table 1 . 
36,38
sulfonamide group and (ii) a concomitant destabilisation of the iron() state for L 4 (also three orders of magnitude in the formation constants) resulting from the electron-withdrawing σ character of this group. 36 Taking into account the Hammett constant (σ m = 0.51 for R = SO 2 NMe 2 and 0.30 for R = SO 3 Ϫ ), we can reasonably expect similar behaviour for L 5 in water.
Conclusion
Judicious programming and matching of the components (i.e. the segmental ligand and the metal ions) provide self-assembly processes which are selective enough to allow the preparation and isolation of well defined heterodimetallic d-f complexes. For a given d-block ion (M = Fe, Co or Zn), the triple-stranded
can be obtained for all lanthanides and paramagnetic NMR analyses in solution demonstrate the existence of the same structure along the complete series consistent with a nine-co-ordinate metallic cavity which can accommodate lanthanides of different sizes according to the Induced fit concept.
1, 49 The considerable intramolecular intermetallic distances in (HHH)-[LnM(L i ) 3 ] 5ϩ (ca. 9 Å) prevent strong magnetic and/or electronic coupling between the metal ions and through-space interactions (multipolar energy transfers) and/or subtle mechanical couplings (tunable iron() spin crossover) can be detected and investigated for isolated d-f pairs. Moreover, the receptors can specifically be modified in order finely to tune the structural and electronic properties of one particular site thus leading to the partial programming of the properties of the second metal. As a first step toward this goal, L 4 demonstrates that electronic properties of the pseudo-octahedral d-block complex can significantly be modified without affecting (i) the assembly process and (ii) the electronic characteristics of the neighbouring lanthanide site. The use of complicated multi-component self-assembly processes to prepare the final heterodimetallic complexes is a limiting factor because the selection of one particular complex within the 'dynamic virtual library' requires detailed and complete characterisation of the thermodynamic equilibria. The systematic combination of ES-MS, spectrophotometry, potentiometry and crystal-field independent paramagnetic NMR may overcome this limitation in favourable cases when the d-block ion is either a diamagnetic ( 
